Objective: To compare the accuracy of pulse oximetry oxygen saturation (SpO 2 ) measured on the wrist compared with the ipsilateral palm, and SpO 2 measured on the ankle compared with the ipsilateral sole.
Introduction
Arterial oxygen saturation measured by pulse oximetry is widely used as the fifth vital sign during monitoring of neonates in the intensive care unit. The most important advantage of pulse oximeters is the capability to provide continuous, safe and effective monitoring of blood oxygenation non-invasively at the patient's bedside without the need for caliberation. 1, 2 The accuracy of pulse oximeters is acceptable for a wide range of clinical applications. Most manufacturers claim that their instruments are accurate to within ± 2% in the SpO 2 range between 70 and 100% and ± 3% for oxygen saturations between 50 and 69% and varies with the model of pulse oximetry. [3] [4] [5] [6] A number of studies also have verified the inaccuracies of pulse oximetry in certain clinical settings associated with decreased cardiac output, increased or decreased systemic vascular resistance, hypothermia, elevated or dependent limb position, venous engorgement and regional anesthesia even if the device is functioning properly and is free from external interference. [7] [8] [9] Technical situations and subject motion may interfere with the proper acquisition of reliable data or the interpretation of pulse oximeter readings. 10 The choice of probe site may also affect accuracy; finger probes appear to be more accurate than forehead, nose or earlobe probes during low perfusion states. 11 This can be a problem in newborn babies. Term as well as preterm infants tend to have poor peripheral perfusion (acrocyanosis) in the first few hours of life. Presence of acrocyanosis can result in low signal strength and affect the detection or processing of the biological signals thereby affecting the accuracy of pulse oximetry. This can result in inaccurate signal and false alarm. 5, [7] [8] [9] [10] 12, 13 The choice of probe site may be difficult in sick preterm infants. These infant's have intravenous lines for fluid infusion, or heparin locks for medication infusions on the dorsum of the hands and the feet. Wrist or ankles have been an alternative site for pulse oximeter probe location in these infants requiring oxygen saturation monitoring. However, little is known about the accuracy and response time of pulse oximetry when the probe is placed at the wrist or the ankle of neonates during continuous pulse oximetry monitoring. Pulse oximeter response time depends on both inherent machine characteristics and circulation time and with pulse oximeter probe location. Furthermore, applying the sensor to the right hand or wrist before connection to the pulse oximeter has been shown to result in quicker acquisition of accurate heart rate data in infants compared with other techniques.
14 This method of application should be preferred during resuscitation. Australian resuscitation guidelines recommend placing the sensor over the right wrist.
To date, no studies have specifically evaluated pulse oximetry at the wrist and the ankle compared with more commonly used sites, the palm and the sole in newborn infants, or determined if any significant differences in the time to detect hypoxemia exist among them. Because, in certain circumstances, the wrist and ankle are used as a site for peripheral pulse oximetry monitoring, we performed this study to see whether SpO 2 measured on the wrist is comparable with SpO 2 measured on the ipsilateral palm and to determine whether SpO 2 measured on the ankle is comparable with SpO 2 measured on the ipsilateral sole. We also wanted to compare the response time to get a valid reading from the pulse oximeter probes placed at different sites to detect changes in oxygen saturation compared with more usual monitoring sites.
Methods
This was a prospective observational study conducted at the level III neonatal intensive care unit (NICU) at Los Angeles County þ University of Southern California Medical Center. The study population consisted of patients (gestational age 23 to 42 weeks) admitted to the NICU from July 2009 through March 2010. The study was approved by our Institutional Review Board and informed consent obtained from the parents. Infants with birth weight >4500 g and those with multiple congenital anomalies were excluded from the study.
The Masimo Radical-7 pulse oximeter (Masimo, Irvine, CA, USA) was used for this study. SpO 2 data collection was carried out with two oximeters calibrated for the study for simultaneous paired SpO 2 measurements. The mode with an averaging time of 8 s, which is the standard mode during routine clinical care in our NICU, was used. We measured the initial SpO 2 detected at the palm and ipsilateral wrist first, then at 30 s, and at 1 min, and we repeated the same procedure over the sole and ipsilateral ankle. In addition, we recorded the time to obtain the SpO 2 readings (response time) from all these sites. The value was considered only if the pulse oximeter pulse rate did not differ by more than three beats from the heart rate on the independent bedside monitor. In infants receiving phototherapy, the lights were temporarily turned off during these procedures. We also recorded demographic data including gestational age, birth weight, postnatal age, current weight, vital signs including body temperature, use of medications and hemoglobin at the time of study. A convenient sample of 150 infants was studied to include a representative group of patients with a gestational age of 23 to 42 weeks admitted to the NICU. For each patient, recordings were collected at baseline (initial pulse oximeter reading), at 30 s and at 1 min.
Statistical analysis
We used two-tailed, Student's t-tests for analysis of continuous, normally distributed variables. Regression analysis was performed to determine the relationship between paired SpO 2 measurements. In addition, the mean and standard deviation of the paired SpO 2 differences (bias and precision) were calculated using BlandAltman analysis. 15, 16 Values are presented as mean±s.d., unless otherwise indicated. Statistical significance was set at P<0.05 for all tests.
Results
Demographic data of our study population is presented in Table 1 . In all, 150 infants with a mean birth weight of 2381±1020 g and gestational age of 34.3 ± 4.3 weeks were enrolled in the study. Of these, 33 patients had a birth weight <1500 g. Median postnatal age at enrollment was 3.5 days (25th to 75th percentile 1 to 16 days). From the total population of 150 patients, those with measurements at baseline, 30 s and at 1 min were included. Thus, each included patient had three paired measurements from the wrist and ipsilateral palm or from the ankle and ipsilateral sole. Of the 150 neonates, 143 patients (429 pairs) had simultaneous SpO 2 measurements at the right palm and right wrist; 145 (435 pairs) had SpO 2 measured at the left palm and left wrist; 146 (438 pairs) had SpO 2 measured at the right sole and right ankle; and 149 patients (447 pairs) had SpO 2 measured from the left sole and left ankle. Table 2 shows the average SpO 2 , heart rate, perfusion index and the response time from these sites. The corresponding bias and precision and the correlation coefficients for paired SpO 2 measurements are also shown in Table 2 . Figure 1a and b show the linear relationship between SpO 2 measured at the right palm and the right wrist and SpO 2 measured at the left palm and the left wrist respectively. The correlation There was also a good agreement of paired SpO 2 measurements from these sites. The Bland-Altman plots of the differences between SpO 2 measured at the palms and the wrists are shown in Figure 2a and b. The mean difference (bias) and the SD of the differences (precision) for SpO 2 at the right palm and right wrist was 0.08±0.94% and for the left palm and left wrist 0.22±0.87%.
Similarly, the bias and precision for SpO 2 measured at the right sole and the right ankle was À0.03±0.93% and for the left sole and left ankle À0.01 ± 0.93%. The Bland-Altman plots of these differences between SpO 2 measured at the soles and the ankles are presented in Figure 3a and b.
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Discussion
Many neonatal intensive care units have been using the ankle and the wrist as an alternate site to measure SpO 2 in sick neonates. Although normal SpO 2 values for neonates are available from the palms and the soles, there are no published data available for the wrist and the ankle. The impact of probe site placement on SpO 2 accuracy and response time has been previously investigated. 5, 15, [17] [18] [19] [20] [21] Iyer et al. 5 reported no difference between hand and foot probe sites in infants less than 3 months of age undergoing cardiac surgery with cardiopulmonary bypass. Warley et al. 18 described finger and toe response time to be proportionately longer than ear probe response in normal subjects and attributed this finding to increased lung to periphery circulation times. Severinghaus and Naifeh 19 found the response times at the ear or finger for step desaturation to be longer than for step resaturation. Young et al. 20 reported a noticeably slower response with probes at the finger, compared with the ear. Finally, Reynolds et al. 21 specifically examined pulse oximetry kinetics in relation to probe site placement in children with congenital heart disease and reported significant differences for cheek versus finger or toe during desaturation and resaturation.
Pulse oximetry is used on the basis of absorption of red and infrared light by oxygenated and deoxygenated hemoglobin. Two light emitting diodes send red and infrared light. Most modern commercial pulse oximeters work in the transmission mode, in which the selected site is placed between emitting and receiving light diodes. A red and infrared light passes from one side of the sensor to the other. On the basis of the ratio of absorption of the red and infrared light caused by the difference in color between oxygen-bound (red) and unbound hemoglobin (blue) in the capillary bed, an estimation of oxygenation can be made. This requires the sensor to be applied on a relatively thin part of the anatomy, a fingertip or earlobe or, as in the case of an infant, the foot. 4 Interpretation of pulse oximetry readings must account for a variety of factors that may artifactually influence the results. Common sources of artifact include inappropriate probe placement, motion artifact, ambient light and electromagnetic radiation. Owing to the partial detachment of the probe, light from only one of the two light-emitting diodes may pass through the tissue, resulting in either a falsely elevated or depressed reading. 12, 13, 22, 23 The small size of fingers or other available probe sites may result in differences in the path length of one light source compared with that of the other especially in infants and small children. These problems can be minimized by ensuring that the probe is properly attached with the light sources and detectors opposite each other in a non-tangential path. 24 Placement of the sensor on the same extremity as a blood pressure cuff or arterial line can also cause erroneous readings and should be avoided. 25 Our study has prospectively validated the accuracy of using the wrist and the ankle as alternate sites for pulse oximeter oxygen saturation measurements. We could find no study comparing the wrist and the palm, or the ankle and sole as a site for probe placement for SpO 2 measurements. Our study findings demonstrate that the wrist and the ankle are appropriate alternate sites in neonates. However, we acknowledge several limitations of our study. Most of our patients had a SpO 2 range of 85 to 100% at the time of study; the SpO 2 data were not continuously recorded; and our patients were hemodynamically stable when we studied them. Thus, it is possible that lower oxygen saturation ranges or during resuscitation, SpO 2 readings obtained from these alternate sites (wrist or ankle) may not be as accurate as the readings obtained from the palm or sole.
Conclusion
In summary, our findings indicate that for SpO 2 values of 85 to 100%, the wrist and ankle can be used as alternative sites to measure SpO 2 in newborn infants. Additional studies are needed in patients with lower oxygen saturation ranges and during resuscitation.
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